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Abstract — Interactions of microparticles and nanoparticles 
with various surfaces under different ambient conditions are of 
great importance to many applications such as micro-
electrical-mechanical systems (MEMS), biomedical and 
chemical engineering, and have attracted broad interests in the 
last decade. However, there are only limited numbers of 
techniques currently available for interfacial particle analysis. 
In this paper, we propose to use a piezoelectric quartz sensor in 
a thickness shear mode (TSM) to characterize the interfacial 
interaction of a single microparticle with a surface. A 
theoretical model was developed based on the analysis of the 
various interaction forces, including Van der Waals (VDW) 
force, capillary force and electrostatic force, etc. The 
dependence of the particle-surface interaction forces on the 
particle size was demonstrated. Experimental results from a 
5MHz TSM sensor have shown an average frequency shift of 
0.5 Hz for a 40 µm stainless steel sphere, which indicated that a 
coupling strength between a sphere and a surface is about 
1.3×104 N/m. An atomic force microscope (AFM) was used to 
provide a complementary tool to help study the interfacial 
interactions. Adhesion forces between particles and surfaces 
were measured and favorably compared with the simulation 
results. It is shown that a TSM sensor is capable of real-time 
analyzing an interaction of a single microparticle with a 
surface and an AFM is helpful to identify the effect of each 
individual interaction force. A combined TSM–AFM technique 
may create a novel measurement platform for characterization 
of nanoparticles and their interactions with surfaces. 
I. INTRODUCTION 
The study on the interactions of microparticles and 
nanoparticles with various surfaces has gained increasing 
interests during the last decade [1–7]. Novel applications in 
various fields have been a driving force, such as the 
developments of micro and sub-micro electronics and the 
research on the interactions of biological objects with 
various functionalized surfaces in the biomedical, 
biochemical and pharmaceutical industries [8, 9]. 
Understanding the nature of micro and nano particle 
world requires a broad range of measurement techniques 
and advanced instrumentations to assist the study of the 
interactions of solid particles with various surfaces. 
Currently, optical microscope and scanning electron 
microscope can provide images of a surface with sub-
micron resolution [10]. Optical tweezer can be used for 
micromanipulation of micrometer-sized particles and 
measurement of interaction forces between a micro particle 
and other particle/surface [11]. Scanning probe microscopes 
have the ability of both imaging and probing of objects at 
the atomic level [12, 13]. These instruments are bulky and 
expensive. Therefore, a possibility of simple and low cost 
instrumentations is attractive, especially, if such a new 
technique could ultimately find applications in the emerging 
micro-nano-particle industry.  
In this paper, we propose to use a piezoelectric AT-cut 
quartz sensor operating in thickness shear mode (TSM) to 
characterize the interactions of microparticles with surfaces. 
The characteristics of a TSM sensor under different loading 
have been the topic of many papers [14-18]. However, few 
studies have been conducted for the situation where 
microparticles were loaded on a TSM sensor [19]. Here, we 
report our study on the interaction between a solid particle 
and the surface using a TSM sensor through modeling and 
experiments.  
II. THEORY 
The objective of this paper is to model and measure the 
interfacial interactions between a solid particle and a surface 
using a TSM sensor and compare with AFM measurements.  
First, we analyzed the interfacial forces involved in the 
interaction. Then, a mechanical model was present to 
investigate the interaction of a particle with the surface of a 
TSM sensor. The data obtained through modeling will 
finally be compared with experimental results. 
A. Interaction Forces between a Solid Particle and the 
Surface of a TSM Sensor 
We are interested in the interaction of a solid particle 
placed on a surface of a TSM sensor in air, as shown in Fig. 
1. The diameters of the particles, D, are in the range of 100 
nm – 100 µm. The separation between the particle and the 
surface, h, is about 0.2 – 10 nm. The particles used in the 
experiments are made of nickel and stainless steel. 
For a piezoelectric TSM sensor (AT-cut quartz), its 
surfaces exhibit shear motions when an electric signal is 
applied to the two electrodes on the opposite sides of the 
sensor. The particle placed on one surface of a TSM sensor 
is actuated by the interaction forces between the particle and 
the surface, as shown in Fig. 1. These forces come from 
various sources, including Van der Waals (VDW) force, 
capillary force, gravitational force, electrostatic force and 
friction force, etc. 
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Figure 1.  An Interaction of a particle with a TSM sensor in shear motion   
(D: diameter of the particle; h: separation between the particle and the 
surface; m: mass of the particle; k: spring constant) 
1) Van der Waals force 
The VDW force, Fvdw, between a micro/nano particle and 
a TSM sensor can be described by [2]  
 
212 h
DAFvdw
⋅
⋅
=  (1) 
where, A is Hamaker constant with a value of 0.4~4×10-19 
J; D is the diameter of the particle (assume the particle is 
spherical); h is the separation between a particle and a 
surface. The VDW force is proportional to the diameter of 
the particle, D, and the inverse of the square of the 
separation, h. It becomes more important when the particle 
size enters into micro/nano world. It is shown that the VDW 
force becomes several orders of magnitude greater than the 
gravitational force for a nano/micro particle, e.g. the VDW 
force is about 107 times larger than the gravitational force 
for a 1 µm stainless steel sphere [20]. We consider the 
VDW force as one of the most dominant interaction forces 
between a solid particle and a surface. 
2) Capillary force 
Capillary force is due to the surface tension when there is 
a thin liquid film existing between a particle and a surface. 
It is strongly dependent on the relative humidity, 
temperature, materials and surface conditions of the particle 
and surface. It had been reported that capillary forces may 
change five times when relative humidity is changed from 
10% to 80% [21]. In our study, we are mainly interested in 
the influence of particle sizes on an interfacial interaction. 
Relative humidity was maintained around 57%, so the 
magnitude of the capillary force was assumed to be constant. 
Effect of relative humidity on the interaction of a 
microparticle with a surface will be evaluated in a future 
paper. 
3) Other  forces 
Other interaction forces such as electrostatic force and 
friction force had also been evaluated. In our experiments, 
metal spheres were placed on a gold electrode of a TSM 
sensor, which was properly grounded. Thus, electrostatic 
force was neglected. Friction force between the sphere and 
the surface depends on their relative motion and the weight 
of the sphere. The magnitude of the shear motion of a TSM 
sensor is on the order of nanometer. For a 5 MHz TSM 
sensor, the relative motion speed between a sphere and a 
sensor is on the order of 10-3 m/s. The weight of a 
microsphere is extremely small compared with other forces 
[20]. Therefore, the friction force does not play an important 
role in our observation.  
B. Van der Waals Force between a Solid Particle and a 
Surface 
The VDW force between a solid particle and a surface 
depends on the diameter of the particle, D, and the particle-
surface distance, h. The relation between the VDW force 
and the particle diameter at different particle-surface 
distance is calculated using equation (1), as shown in Fig. 2. 
The VDW force between a micro or nano particle and a 
surface is usually in the range of 0.1 – 1000 nN. 
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Figure 2.  Relationship between the VDW force and particle diameter at 
different particle-surface distances ( h = 0.2, 1 and 5 nm ) 
The particle-surface distance, h, strongly affects the 
VDW force, as seen in Eq. (1).  This distance is mainly 
determined by the shape of a particle, surface roughness and 
stiffness of a particle and surface. In our experiments, 
stainless steel and nickel spheres with sizes in the range of 1 
– 100 µm are deployed. The distances are within 0.1 – 100 
nm.  The calculated VDW force using these parameters is 
shown in Fig. 3. 
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Figure 3.  Relation between the VDW force and particle-surface distance 
for  different particle diameters ( D = 1, 10 and 100 µm ) 
C. A Mechanical Model of an Interaction between a Solid 
Particle and a TSM Sensor 
A mechanical model is proposed to represent the 
interfacial interaction between a solid particle and a TSM 
sensor as shown in Fig. 4.  
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Figure 4.  A mechanical model a Interaction between a Solid Particle and 
a TSM sensor 
A TSM sensor is modeled by a mechanical resonator 
consisting of a mass, Ms, a spring, Ks, and a dash-pot, Rs. 
The fundamental resonance frequency of a TSM sensor, fs, 
is given by 
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       (2) 
where, Ms, is the mass of the sensor and can be 
determined by ss
2
s
s t4
d
M ρ⋅⋅⋅π= ; Ks, is the elasticity of 
the sensor, 
s
s
2
s
3
s t4
cdK
⋅
⋅⋅π
= ; Rs, is the resistive loss factor. 
In the above expressions, ds, ts, ρs and cs are the 
diameter, thickness, mass density and elastic constant of the 
sensor, respectively. 
A particle is modeled by a rigid mass, mp. It is coupled 
to the resonator (representing the TSM sensor) through a 
combination of a spring, kp, and a dashpot, rp, which models 
the interfacial interactions between a sphere and a surface 
shown in Fig. 1. The resonant frequency of the coupled 
particle is given as 
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The TSM sensor is driven by a force, F = Fo·ejωt, from 
the converse piezoelectricity when an external electric field 
is applied to the sensor; Fo, is the force amplitude and 
determined by the electric field applied; ω, is the frequency 
of the driving force and has the same frequency as the 
varying electric field. 
When a solid particle is placed on the surface of a TSM 
sensor, the interaction between the particle and the sensor 
causes the changes in the electrical characteristics of the 
TSM sensor, such as resonant frequency, resonant amplitude 
and phase, etc. The particle-sensor system behaves as a 
coupled mechanical resonator and more detailed theory can 
be found in our previous paper [5]. By monitoring these 
changes, useful information such as frequency shift and 
impact of the coupling constant on the interaction can be 
obtained. 
III. RESULTS 
A.  System Setup 
A combined system for TSM and AFM measurements is 
shown in Fig. 5. A HP 4395A Network Analyzer was used 
to monitor the electrical characteristics of a TSM sensor. A 
TSM sensor was assembled in a sensor holder with two 
SMA connectors, through which the sensor was connected 
to the port A and B of a HP 87512A Transmission and 
Reflection Test Kit. The frequency response of the forward 
transmission coefficient, S21, was measured. Based on the 
changes in the resonant frequency, amplitude and phase due 
to a particle loading on a surface of the TSM sensor, the 
properties of a particle and its interaction with the sensor 
surface can be determined. The sensor holder was fixed on 
the stage of a microscope to ensure accurate positioning of 
particles and observation. 
  
Figure 5.  A combined system for TSM and AFM measurements 
A BioScope atomic force microscope and a NanoScope 
IIIa controller from Veeco Instruments Inc. were integrated 
with an inverted optical microscope. A vibration isolation 
system was used to help stabilize the AFM system. 
The proper attachment of the stainless steel and nickel 
spheres on the AFM cantilevers is very important to the 
repeatability and reproducibility of the AFM measurement 
results. First, multiple spheres and ultra-violet (UV) 
bonding glue were placed separately on the stage of an 
optical microscope. A sphere with a desired diameter and 
uniformity was selected under the optical microscope. Then, 
an AFM cantilever fixed on another 3-dimension 
microscope was carefully controlled to get its tip slightly 
dipped into the UV glue. After the selected sphere was well 
positioned and attached to the glue on the AFM cantilever, 
UV curing system was applied to glue the sphere on the 
cantilever. An image of a 12.3 µm Nickel sphere on an 
AFM cantilever (Si3N4, 200 µm length and 0.12 N/m) by 
using a scanning electron microscope (SEM) was shown in 
Fig. 6. 
Special care was taken while dipping the AFM tip into 
the UV glue, because an overwelming amount of UV glue 
could result in unpredictable changes in the performance of 
the AFM tip although the spring constant of the cantilever  
attached with a sphere must be recalculated. The extra glue 
may also cover the surface of the attached sphere to cause 
false measurements of the interfacial interactions. 
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Figure 6.   A 12.3 µm nickel sphere attached to a AFM tip and imaged 
using a SEM  
B. Experimental Results 
As the first step to achieve the objective of correlating 
the results from TSM measurements with those obtained by 
using an AFM, experiments were carried out by using both 
TSM and AFM to measure the interactions between solid 
spheres and surfaces. 
1) TSM Measurements 
Experiments were made with a 5 MHz gold plated TSM 
sensor (At-cut quartz). Stainless steel spheres with 
diameters about 40 µm were loaded individually on one 
surface of the TSM sensor. Changes in the resonant 
frequency and amplitude of the sensor were recorded using 
a network analyzer shown in Fig. 5. An average frequency 
shift of 0.5 Hz was recorded for each 40 µm stainless steel 
sphere. The coupling spring constant, kp, between the sphere 
and surface was calculated to be 1.3×104 N/m. 
2) AFM Measurements 
There are several forces involved when an AFM tip 
approaches and interacts with a surface. Fig. 7 shows the 
dependence of the measured forece using an AFM on the 
distance between a AFM tip and a mica surface.  
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Figure 7.  Depedence of  force on the tip-surface distance  
When the tip was far away from the surface (part 1 in 
Fig. 7), all the interaction forces were very weak. While the 
AFM tip was approaching the surface (part 2), the attractive 
VDW force became more significant. After the attracitve 
force overcame the restoring force of the AFM tip, the AFM 
tip jumped onto the surface. A more detailed view of this 
process is shown in Fig. 8. Then the AFM tip was moving 
together with the surface in part 3 and part 4. When the tip 
was moved away from the surface, the attractive forces, 
mainly VDW force and capillary force, held the tip on the 
surface until the restoring force of the AFM tip became 
greater (part 5). The restoring force at this point was called 
pull-off force. In part 6, the tip was again moved far from 
the surface.  
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Figure 8.  AFM force measurements before and after a tip jumped onto a 
mica surface 
The above force measurements were made between a 
standard AFM tip (Si3N4, 200 µm length and 0.12 N/m) and 
a mica surface (peeled 15 minutes before the experiments). 
Ambient temperature was 73.3°F and relative humidity was 
63.1%. A pull-off force (part 5) of 30 nN was recorded, 
which is consistant with the previous reports [22]. The VDW 
force between the AFM tip and the mica surface can be 
estimated by the attractive force when the tip was closely 
approaching the surface, as shown in Fig. 8. In this 
experiment, the VDW force was estimated to be 3.6 nN.  
The measured pull-off force includes the influence of all 
the interfacial interaction forces between a sphere and a 
surface, although the dominant forces are VDW force and 
capillary force. By measuring this pull-off force and 
comparing it with the VDW force obtained from Fig. 8, the 
capillary force can be evaluated. In this case, the capillary 
force was found to be 26.4 nN. 
Fig. 9 shows the AFM force measurements for stainless 
steel spheres with diameters at 28.8 µm, 38.3 µm and 51.4 
µm. Results for nickel spheres with diameters at 5.5 µm, 8.9 
µm and 13.7 µm are shown in Fig. 10.  
Both of the force-diameter relations appear to be linear. 
This is consistent with the assumption that the dominant 
interaction forces are the VDW force and capillary force, 
which are both linearly proportional to the diameter of a 
sphere. The correlation coefficient, R, of the force-diameter 
relation is 0.987 for stainless steel spheres and 0.912 for 
nickel spheres, respectively. 
The results for nickel spheres had larger variance can be 
explained by the smaller diameters of nickel spheres. Errors 
in the measurements of sphere diameters have a greater 
influence on smaller spheres. The surface roughness also 
plays a more important role for smaller spheres. 
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Figure 9.  Relationship between the measured AFM force and the 
diameters of stainless steel spheres ( 28.8 µm, 38.3 µm and 51.4 µm)  
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Figure 10.  Relationship between the measured adhesion forces and the 
diameters of nickel spheres ( 5.5 µm, 8.9 µm and 13.7 µm) 
3) Comparison between TSM and AFM Measurements 
The TSM measurements were made for 40 um stainless 
steel spheres. From the 0.5 Hz change in the resonant 
frequency of a 5 MHz TSM sensor, the spring constant, kp, 
for the coupling between the sphere and the sensor was 
found to 1.3×104 N/m. The shear deformation of the TSM 
sensor is on the order of 0.01 – 0.1 nm, depending on the 
applied electric field. The interaction force between the 
sphere and the TSM sensor may be estimated in the range of 
130 – 1300 nN. The pull-off force calculated from the AFM 
measurements is 120.4 nN for a 38.3 um stainless steel 
sphere, which is on the same order as the result obtained 
from TSM measurements. 
IV. SUMMARY 
In this paper we studied an interfacial interaction 
between a solid particle and a surface by using TSM sensors 
and the AFM. The main sources contributing to the 
interaction, such as VDW force and capillary force, were 
compared. Theoretical modeling of both TSM and AFM 
was presented and simulated.  
A combined system capable of both TSM and AFM 
measurements was built. The frequency shift of a 5 MHz 
TSM sensor with a single stainless steel sphere loading was 
measured. The coupling constant, kp, was found to be 
1.3×104 N/m. AFM measurements show that the pull-off 
force is linearly proportional to the diameter of a sphere.  
It is shown that both TSM and AFM techniques can 
provide some important information of the interaction 
between a solid particle and a surface. A combination of 
TSM and AFM will be helpful to investigate the interfacial 
interactions. This work should find applications in industries 
involving the process of micro and nano particles. 
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